Agency could not have properly considered and incor porated measurement uncertainty into its dioxin guide lines; no one knew the uncertainty of total dioxin meas urements above 28 ng/dsm 3 corrected to 7 percent O2 until 2001 when the work sup�orting this paper was performed. When the 13 ng/dsm corrected to 7 percent O2 NSPS for MWCs was developed, the data needed to determine measurement uncertainty of most Section 129 pollutants had not even been collected. Further, as serting that the data used to derive the NSPS emissions limitations include measurement error, and therefore, any data-derived emissions limitations inherently con sider that error, is only true if the measurement error is much smaller (say less than 10 percent) than the short and long term variations in emissions performance.
Beginning with a set of three total dioxin meas urements that averaged 4 ng/dsm 3 corrected to 7 percent O2, the emissions limitation meeting the 95 percent sta tistical confidence level criterion underlying many NSPS, is almost 15 ng/dsm 3 corrected to 7 percent O2• If the statistical criterion is changed to inclusion of "almost all" the expected results when these facilities continue to emit as they did during the original data acquisition, the emissions limitation becomes almost 18 ng/dsm 3 corrected to 7 percent O2. Consequently, sources must not agree to standards that do not properly consider measurement method precision if they want to avoid exceedances when everything is working prop erly.
HOW THICK IS THE BAR?
In February 2001, the American Society of Me chanical Engineers Center for Research and Technol ogy Development published the Reference Method Ac curacy and �recision (ReMAP) report [2] . It docwnents the first objective of the ReMAP project -a procedure for determining expanded measurement uncertainty (the range within which repeated measurements of a sample are likely to reside) given the unique characteristics of stack testing. The ReMAP report also assembles the available data and provides the expanded uncertainty (the range of results likely to be encountered due to random error) derived from using specific methods. Monte Carlo Simulation (MCS) was used to up grade the traditional ReMAP procedure because some of the inherent statistical characteristics of the data dif fer from those implicitly asswned in the traditional ReMAP procedure.
MCS can be thought of as writing each possible value on the nwnber of slips of paper equal to the chance that it will be realized. The slips are put into a fish bowl and thoroughly mixed. A slip is pulled out and the nwnber used. The slip is returned to the jar and another nwnber drawn. For example, to simulate 3-run testing, this process is repeated three times and the ''test'' average is computed by averaging the three draws. Repeating this entire process many, many times generates a distribution of the likely results. This distri bution describes interesting percentage points such as the value unlikely to be exceeded -the achievable emissions limitation.
I determined the statistical characteristics and ex panded uncertainty of total (swn of tetra-through octa polychlorinated dibenzo-p-dioxins and dibenzofurans), and International (ITEQ) and World Health Organiza tion (WH098) toxic equivalent dioxins. The uncertainty (standard deviation of the measurement error) and ex panded uncertainty (range in which we are likely to fmd additional measurements) estimates now cover the en tire regulatory range. The ReMAP report correctly stopped at 28 ngldsm 3 , the highest measured value since extrapolation is contraindicated because the shape of the curve outside the data range is unknown. ITEQ and WH098 results are provided in the Appendix, but not discussed.
The upgraded procedure uses the same first steps as traditional ReMAP:
Calculate the arithmetic average and standard de viation for each set of simultaneous measurements. Correct the standard deviation for sample size bias -multiply it by the small sample bias correction factor which is approximately [3] :
Itn-1
(1)
Where: n is the number of measurements used to calculate the standard deviation. At this point, the upgraded procedure diverges from the original. The confidence intervals about the regression line are not symm etric when re-converted from logarithms to ordinary units so that they can be used. This lack of symmetry technically violates a key, implicit assumption in the statistical procedures em bodied in ReMAP; violating this assumption can cause material violations as well [4) . I used MCS, the inter nationally reconunended alternative, to determine the confidence limits for the standard deviation as a func tion of concentration [3, 5] . This explicitly incorporates the effect of lack of symmetry on the uncertainty esti mates.
Since expanded uncertainty is a percentage point of 186 the distribution of potential results given S -pro nounced "s cap" -the predicted value at a specified concentration X, the following formula is used to de scribe the standard deviation between repeated stack measurements. The formula is:
Where: In MCS, the average concentration X is specified, random values of F and the sign of 1/; are repeatedly selected. Then, S is calculated until enough values have been generated to reliably estimate S . in most text books is replaced by FF because we are " ... interested in the confidence limits that apply to the whole regression line, not just to the height of the line at a single value of X" [6] .
fidence limits are not synunetrical in Figure 1 . Hence, the need to use the upgraded ReMAP procedure is con firmed for dioxins.
The percentage points demarking the confidence interval about p (Clp) was detennined by recognizing that:
Where: p is the percentage of interest and M is the number of MCS samplings performed [7] . These dashed lines on either side of the thicker 95 percent confidence bounds plotted on each figure indicate how certain we are in the location of the 95 percent confi dence bounds. I determined a number of additional statistical properties of repeated, simultaneous Method 23 Dioxin measurements using the MCS results including:
• The decision limit: the concentration at which we are confident that the pollutant is actually present and is determined as the upper 99.73 percent confi dence interval -3 standard deviations above zerowhen no pollutant is present [8] .
• The detection limit: the concentration whose lower 95 percent confidence limit is equal to the decision limit [9] . That is, the lowest concentration we are sure is above the decision limit.
• The quantification limit: the concentration whose 95 percent confidence limits equal ±20 percenf This can be based on the X-S regression line (i.e., where XIS equals 0.1 or 10%), but a superior esti mate uses the confidence limit since it automati cally considers the asynunetry of the confidence interval. Unfortunately, for total dioxins, the confi dence limit exceeds the criteria over all concentra tions.
• The minimum concentration needed to report at least one significant digit [10] .
The numerical values in the upper left hand quad rant of each page of the appendix also include the sta tistical characteristics and regression parameters needed to reproduce my results and perform additional analy ses.
2 EPA Method 301 implies the practical quantitation limit occurs when the coefficient of variance equals 10 percent because this is the concentration whe � e three times the standard deviation is ±30 percent. Smce 95 percent confidence limits correspond to f:he �.5 � d 97.5 percentage points of the sampled distrIbutIon and equals the result of using a multiplier of essentially 2, this criteria is equivalent and applies to the confidence intervals I developed in conformance with normal ISO practice; of course, 3S limits coul� have been � re sented. They just would have been WIder and proVIded no real additional information.
A calibration curve relating measured values to the measurand, a term coined and used extensively in the ISO's, ANSI and ASME PTCs to represent the "true" value, since the "true" value is unknown and unknow able. This curve occupies the right hand side of the Fig  ures in the Appendix and the 95 percent confidence in terval is shown as heavy lines with the close-by dashed lines demarking the likely error band for the confidence interval. The upper confidence bound is the expanded uncertainty. These calibration curves have been trun cated to cover the range of current regulations. The regulations are expressed on a diluent corrected basis.
The curves in the Appendix are not diluent cor rected for a number of reasons discussed in the ReMAP report. To apply these curves to a specific facility, all that has to be done is to divide the regulatory limit by the inverse of the diluent correction factor to re-express the limit as an equivalent raw concentration at source stack oxygen concentrations (e.g., divide by 13.9/ {20.9-0 2 }) where O2 is the oxygen concentration in the stack
One use of this curve is to see that a line between the origin and 100,120 is below the upper confidence limit and between the origin and 100,80 is above the lower confidence limit. This means that the confidence interval is greater than ±20 percent over the range.
WHERE IS THE TOP OF THE BAR?
Emissions tests produce measurements. Measure ments are made with irreducible, random error. That er ror must be properly characterized and considered when emissions limits are established if those limitations are to be tight yet routinely achievable. The only exception is when the "uncertainty of the stated method is small enough to ignore for practical purposes" [12] . The only way to detennine if the uncertainty is small enough to ignore is to compare the emissions limitations gener ated with and without consideration of expanded meas urement uncertainty.
The long-term meanderings of emissions are not fairly characterized by the normal distribution and the ReMAP procedure bases the relationship between con centration and uncertainty on log-transformed values. Consequently, the deterministic calculation of emis sions limits (L) can produce incorrect results. The result is informative, however, because it points out the con tribution made by various sources of variability and measurement uncertainty:
when the number of measurements contribute to each component of uncertainty is considered. Now, I also know that S� = si + S; and S; = S; + S; . So, after some algebra and substituting the resulting stan-dard deviation estimate into the general fonnula used to determine a measurement's upper bound, I found that: Of course, there is a complication. The natural logarithm of the standard deviation is uniformly dis tributed. Consequently, the usual inverse regression equation describing the measurand give a field meas urement cannot be used. A recursive estimate is used instead. As the first approximation, I assumed that the measurand (X) and measurement (Y) were equal and solved for Xl' Only the number of standard deviations the result is displaced from the mean had to be consid ered to make this fIrst estimate using Equation 4 .
Where: p is the degrees of freedom associated with the standard deviation estimate assuming it had been pooled, which for the dioxin data is equal the number of S-Xpairs used in the regression; X ; is the chi-squared statistic with p degrees of freedom and Z is the number of normal deviates the result is located fromX.
The sign, X; and Z are randomly selected, but held constant for each recursion. Alternatively, the square root tenn can be replaced by the t-statistic: however, this results in a slightly wider confIdence interval.
I then calculated X;+J using the previous estimated value of X; in place of Y and including the confIdence interval portion of Equation (2) in the exponential.
Ten applications of the fonnula were sufficient to stably estimate a randomly derived measurand given the value randomly selected from the emission test data 3 The square root tenn is the root-mean-square (RMS)
pooling of the statistical parameters that make up the tolerance limit factor. The difference here is that instead of wanting a bound which assumes that both the uncer tainty with which the average is known and the dis placement a particular measurement will be found from the average are maximized, this fonnulation looks at the joint confIdence associated with a given point. That is, where do we expect to find 95 percent of the data, not how high might we reasonably expect to fmd a measurement if the mean and the displacement are both 95 percent likely to happen.
set. XJO was used in Equation 1 to make a final estimate of § and f was calculated using Equation 7:
i' =X,,:;: z' +UYx; -1)' S" (7)
Each Y was multiplied by the diluent correction factor calculated using a randomly derived oxygen con centration. I did this three times and averaged the re sults to generate "test averages."
The random samples used in the MCS were 85 per cent correlated to account for the runs within a given test resemble each other more than runs from other tests. Oxygen estimates were 90 percent correlated for the same reason. After repeating this process 50,000 times, I determined the concentration corresponding to the traditional 95 and "almost all" 99.73 percent bounds. These results are presented in Table 1 . While it might not seem that the differences are very much, it is important that the expanded uncertainty with which the measurements are made be known and accounted for when determining emissions limitations. Even here, if the emissions limitation were simply the average, half the future measurements would be higher. When the standard 95 percent confidence level statisti cal criteria for data-derived NSPS limits is applied, 2Yz percent of the tests are expected to exceed that limit, even though the facilities are operating exactly as they did when the data used to develop the limit were gath ered! There is only a 0.14 percent chance that the 99. 73 percent (3-sigma) "almost all" limit will be exceeded; yet, there is still a chance.
When the expanded uncertainty of the measure ment method is considered, the necessary emission limit corresponding to the NSPS statistical criteria is 0. 6 ng/dsm 3 corrected to 7 percent O2 higher and when "almost all" criteria are applied the emissions limitation needs to be 1.4 ng/dsm 3 corrected to 7 percent O2 higher.
STAYING OFF YOUR BACK
Many of the MWCs currently being retrofit will test well below the applicable EG emissions limitations. Owners and operators should not agree to an emissions limitation below 18 ng/dsm 3 corrected to 7 percent O2, the "almost all" value that develops from the MWCs own data. Agreeing to a lower value invites random ex ceedances through no fault of the designers, operators or testing companies.
The results in Table 1 show that I expect the prom ulgated NSPS limit to be exceeded on occasion by well designed and well-operated facilities! The 7 ng/dsm3 corrected to 7 percent O2 trigger for avoiding annual retesting is also problematic. It is likely to be frequently met, but it is also changes back and forth between annual and tri-annual testing should be expected due to testing variability alone. Unwarranted bad press and critical attention by unsophisticated cor porate managers and regulators will likely be the result.
--" � o
Appendix Figure   1 -Uncertainty results for total tetra through octa dibenzo-p-dioxins and dibenzofurans. 
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